To compare the T1-weighted spectral presaturation with inversion-recovery sequences (T1 SPIR) with T2-weighted turbo spin-echo sequences (T2 TSE) on 3T magnetic resonance arthrography (MRA) in the evaluation of the subscapularis (SSC) tendon tear with arthroscopic findings as the reference standard. Materials and Methods: This retrospective study included 120 consecutive patients who had undergone MRA within 3 months between April and December 2015. Two musculoskeletal radiologists blinded to the arthroscopic results evaluated T1 SPIR and T2 TSE images in separate sessions for the integrity of the SSC tendon, examining normal/articular-surface partial-thickness tear (PTTa)/full-thickness tear (FTT). Diagnostic performance of T1 SPIR and T2 TSE was calculated with arthroscopic results as the reference standard, and sensitivity, specificity, and accuracy were compared using the McNemar test. Interobserver agreement was measured with kappa (κ) statistics. Results: There were 74 SSC tendon tears (36 PTTa and 38 FTT) confirmed by arthroscopy. Significant differences were found in the sensitivity and accuracy between T1 SPIR and T2 TSE using the McNemar test, with respective rates of 95.9−94.6% vs. 71.6−75. respectively, for FTT;.3%, respectively, for PTTa. Interobserver agreement for T1 SPIR was almost perfect for T1 SPIR (κ = 0.839) and substantial for T2 TSE (κ = 0.769). Conclusion: T1-weighted spectral presaturation with inversion-recovery sequences is more sensitive and accurate compared to T2 TSE in detecting SSC tendon tear on 3T MRA.
INTRODUCTION
The subscapularis (SSC) is the largest of the rotator cuff muscles. It is important in passive and active stabilization of the glenohumeral joint (1) (2) (3) . Isolated SSC tendon tears are very rare and most occur in the setting of chronic supraspinatus tendon tears (4) (5) (6) (7) . Early studies of rotator cuff tendon tears focused on the supraspinatus tendon. However, SCC tendon tears have garnered increasing attention over the last decade or so.
The transverse force couple formed by the SSC muscle and Original Article | Musculoskeletal Imaging the posteriorly located infraspinatus/teres minor muscles is important in maintaining the normal function of the shoulder (8) . An underdiagnosed SSC tendon tear results in an unbalanced transverse force couple, which may lead to persistent pain and weakness, and a suboptimal surgical outcome after the repair of coexisting supraspinatus or infraspinatus tears (9) (10) (11) (12) . However, SSC tendon tears can be difficult to diagnose solely on physical examination, and lesions may be overlooked on arthroscopy as the humeral head can hinder the visualization of SSC tendon footprint (13, 14) . Therefore, imaging studies, in particular magnetic resonance imaging (MRI), may play an important role in the accurate preoperative assessment of the SSC tendon. The use of magnetic resonance arthrography (MRA) in evaluating rotator cuff tears is controversial, since it is invasive and carries the potential of complications. However, studies have suggested an improved diagnostic accuracy with MRA compared with MRI in assessing rotator cuff tendon tears (15) . Moreover, a recent meta-analysis comparing the diagnostic value of 3-tesla (3T) MRI and 3T MRA in diagnosing rotator cuff tendons reported a trend toward improved diagnostic accuracy with MRA compared to MRI in the diagnosis of SSC tendon tears (16) . The data support the use of MRA in the evaluation of SSC tendon tears.
The accuracy of preoperative MRA in detecting SSC tendon tears has been investigated (10, 17) . MRA has been reported to have an overall accuracy of 84-88% in diagnosing SSC tendon tears (17) but only a 36% preoperative sensitivity in detecting arthroscopically proven SSC tears (10) . These controversial results may have resulted from many factors, including the size and location of the tear being evaluated, different imaging protocols, and level of experience of the radiologists evaluating the magnetic resonance (MR) images.
Based on our clinical experience, we hypothesized that, among many factors, the imaging sequences used in MRA may have an important influence on the diagnosis of SSC tendon tears. Therefore, the purpose of our study was to compare the diagnostic performance of T1-weighted spectral presaturation with inversion-recovery sequences (T1 SPIR) and T2-weighted turbo spin-echo sequences (T2 TSE) on 3T direct MRA in the preoperative evaluation of SSC tendon tears with arthroscopic findings as the reference standard.
MATERIALS AND METHODS
This retrospective study was approved by our Institutional Review Board. Informed consent was waived.
Patients
Among 223 consecutive 3T MRA examinations of the shoulder performed at our institution between April and December 2015, patients with a subsequent arthroscopic surgery performed at our institution within 3 months of the MRA and a clear record of the arthroscopic findings regarding the presence and degree of the SSC tendon tear were enrolled retrospectively. There were 94 patients who had not performed subsequent arthroscopy within 3 months and 7 patients without detailed arthroscopic results of SSC tendon. Two other patients were excluded because they had previously undergone shoulder surgery (n = 1) and was younger than 16 years of age (n = 1). A total of 120 patients were included in the study (mean age, 62.7 years; age range, 36−81 years; 50 men and 70 women). The mean interval between MRI and arthroscopic surgery was 31 days (range, 1−84 days).
MRA
All MRA examinations were performed with an Achieva or Ingenia 3-T MRI scanner (Philips Healthcare, Best, the Netherlands) using a dedicated shoulder coil. Prior to MR acquisition, intra-articular contrast administration was performed under fluoroscopic guidance. A 22-gauge spinal needle was placed into the glenohumeral joint with an anterior approach and 1−2 mL of iodinated contrast medium was injected to confirm the intra-articular location of the needle. Approximately 10−12 mL of a dilute solution of gadolinium-based contrast agent (Gadovist; Bayer Schering Pharma, Berlin, Germany) with a concentration of 2.5 mmol/ L was injected. MR imaging of the shoulder was initiated within 30 minutes post-injection. T1 SPIR images were obtained in the axial, oblique coronal (perpendicular to the glenoid or parallel to the long axis of the supraspinatus tendon), and oblique sagittal (parallel to the glenoid or perpendicular to the long axis of the supraspinatus tendon) planes. T2 TSE images were also acquired in axial, oblique coronal, and oblique sagittal planes. The detailed parameters of all sequences are summarized in Table 1 .
Imaging Analysis
Magnetic resonance arthrography images were analyzed retrospectively and independently by two observers (with 25 and 5 years of experience in musculoskeletal radiology, respectively) who were blinded to the radiologic reports and kjronline.org arthroscopic results. Both readers evaluated the T1 SPIR and T2 TSE in two separate sessions, which were longer than 3 weeks apart to minimize recall bias. The MR images were anonymized and viewed in random order in each session on an Infinitt Picture Archiving and Communication System Workstation (Infinitt Healthcare, Seoul, Korea).
The MRA images were evaluated for the integrity of the SSC tendon on axial and oblique sagittal planes, and were classified as normal tendon, articular-surface partialthickness tear (PTTa), or full-thickness tear (FTT). Normal tendon was defined as an intact tendon without leakage of contrast medium onto the lesser tuberosity of the humerus or within the tendon. PTTa was defined as a partial detachment from the lesser tuberosity or defect of the articular-surface of the tendon showing contrast leakage onto the lesser tuberosity with or without intratendinous extension on one or more images with a preserved continuity of the remaining bursal-surface of the tendon (Fig. 1) . FTT was defined as a disruption of continuity of the tendon replaced by contrast filling from the bursal to the articular surfaces on one or more images (Fig. 2 ).
Concealed interstitial tears and bursal-surface tears were not analyzed in this study due to the inaccessibility of these types of lesions during arthroscopy, which is gold standard for diagnosing rotator cuff tears.
Arthroscopy
All arthroscopic examinations were performed within 3 months after the MRA by a single orthopedic surgeon with 16 years of experience in shoulder surgery. During arthroscopy, all included patients underwent repair of the torn supraspinatus and/or SSC tendons. The presence and grade of the SSC tendon tear (PTTa or FTT) were recorded based on the arthroscopic findings, and served as the reference standard. The diagnosis of PTTa tear was made when the tendon was partially detached from the lesser tuberosity or torn horizontally with or without split on the intra-articular view through posterior portal. The bursalsurface partial-thickness tear were not recorded on the arthroscopic report because the bursal-surface of the tendon were not routinely evaluated during arthroscopy. FTT was diagnosed when the tendon tear extended completely across 
Statistical Analyses
The sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), and accuracy of T1 SPIR and T2 TSE were calculated for the presence of SSC tendon tear regardless of tear grade, FTT, and PTTa by both readers. In the analysis for the PTTa, diagnostic performance was calculated relative to the diagnosis of no tear with exclusion of patients with FTT confirmed arthroscopically (18, 19) . The sensitivity, specificity, and accuracy of T1 SPIR and T2 TSE were compared using the McNemar's test. A p value < 0.05 was considered statistically significant. 
RESULTS

Arthroscopic Findings
Among the 120 patients, arthroscopy revealed a tear in the SSC tendon in 74 patients (61.7%). The 74 SSC tendon tears comprised 38 FTT and 36 PTTa. Among the 74 patients, only two had an isolated SSC lesion, whereas 72 (97.3%) had an accompanying supraspinatus tendon tear. Of these 72 tears, 65 were FTT (Fig. 3) .
Diagnostic Performance of MRA
The sensitivity, specificity, PPV, NPV, and accuracy of T1 SPIR and T2 TSE for diagnosing the presence of SSC tendon tear regardless of tear grade are summarized in Table 2 . T1 SPIR was more sensitive in detecting SSC tendon tears compared to T2 TSE. There were statistically significant differences in the sensitivity and accuracy between T1 SPIR and T2 TSE (p < 0.001 for both reader 1 and reader 2). The diagnostic performances of T1 SPIR and T2 TSE for diagnosing FTT and PTTa are presented in Table 3 . T1 SPIR also showed superior diagnostic sensitivity and accuracy with statistical significance for both FTT and PTTa. Among the 36 PTTa, more than 30% were missed on T2 TSE by readers (33% for reader 1, 36.1% for reader 2). These missed tears were correctly diagnosed on T1 SPIR (Fig. 4) .
On T1 SPIR, FTT of the SSC tendon was underdiagnosed as PTTa in 15 patients (88.2%) among the false-negative cases for reader 1 (n = 17), and in 16 (94.1%) patients for reader 2 (n = 17) (Fig. 5) . On T2 TSE, FTT of the SSC tendon was underdiagnosed as PTTa in 22 patients (88%) among the 
DISCUSSION
The results show that T1 SPIR is better than T2 TSE in the detection of the SSC tendon tears as well as in the grading tears.
Subscapularis tendon tears were found in 61.7% (74/120) of the patients undergoing arthroscopy for rotator cuff repair. This is a slightly higher prevalence compared to those reported in previous published literature (10−58.8%) (11, 17, (22) (23) (24) (25) (26) (27) (28) . The prevalence of SSC tendon tears has been reported in a variety of ranges depending on the included patients of the studies. Barth et al. (23) reported a SSC tear prevalence of 29.4% (20/68) among the all prospectively included patients scheduled for an arthroscopic procedure during a 3-month period. In this series, it was increased by 58.8% (20/34) when limited to patients with rotator cuff tendon repair, which was similar to our result. The chronicity and severity of supraspinatus tendon tear affects the incidence of SSC tendon abnormality (5, 28) . In the recent study by Yoo et al. (28) , 50.5% (415/821) of the patients undergoing shoulder arthroscopy were diagnosed as SSC tendon tear, and the percentage of medium or large size FTT of tendons other than SSC was higher in the SSC tendon tear group compared to SSC tendon intact group. This may account for the results of our study, as the patients were those undergoing arthroscopy for rotator cuff tendon repair with a large percentage of full-thickness supraspinatus tendon tear.
The overall diagnostic performance of T1 SPIR for detecting SSC tendon abnormalities in our study was similar or more superior to that of the MRA-based study of Pfirrmann et al. (17) , which demonstrated a sensitivity of 91%, specificity ranging between 79% and 86%, and accuracy ranging between 84% and 88% with combination of parasagittal T1-weighted turbo spin-echo sequence and transverse three-dimensional gradient-echo fast imaging sequence with steady-state precession. The higher strength of magnetic field of MR scanners might explain the slightly higher sensitivity in our study. In the study of Choo et al. (21) , the sensitivity and specificity of the SSC tendon tear, regardless of grades of the tear, were 90−95% and 57−71%, respectively, with two-dimensional (2D) FSE sequences, which is also similar to our results.
T1-weighted spectral presaturation with inversionrecovery sequences showed superior diagnostic sensitivity and accuracy for detecting SSC tendon tears, regardless of the grade of tear, compared to T2 TSE with statistical significance on 3T MRA. This difference was more pronounced for PTTa (91.7−97.2% vs. 58.3−61.1%), compared to that for FTT (55.3% vs. 31.6−34.2%). We speculate that T2 TSE without fat-suppression used in our study has a minimal arthrographic effect, and the diagnostic performance may be similar to conventional MRI. In addition, the lower sensitivity on T2 TSE appears to be related to lower contrast resolution of T2 pulse sequence. Magee (29) suggested that 3T MRA is statistically more sensitive than conventional 3T MRI in detecting partialthickness articular-surface supraspinatus tears (97% vs. 68%). As most partial thickness SSC tendon tears are found at the articular-surface (6), T1 SPIR of MRA may further improve the diagnosis of SSC tendon tears compared to conventional MRI.
The majority of the false-negative cases for diagnosing FTT of SSC tendon on T1 SPIR that contributed to low sensitivity were underdiagnosed as PTTa. This results disagree with Choo et al. (21) , who reported more superior sensitivity for FTT (100%) compared to that for partialthickness tears (82−88%) using 2D sequences of 3T MRA. However, the total sample size and number of full-thickness SSC tendon tears (n = 4) were relatively small in the prior kjronline.org study. The anatomical characteristics of the SSC tendon footprint may also account for the low sensitivity. Most of the tendinous portion of SSC attaches on the lesser tuberosity, but most superior and superficial fibers are continuous with fibers overlying the bicipital groove. These fibers contribute to the rotator interval capsule and biceps pulley, and interdigitate with anterior most fibers of the supraspinatus tendon (4, 22, 30) . Even when the tendinous fibers of SSC completely detach from the lesser tuberosity, the superficial "bridging fibers" may remain intact, preventing the torn SSC tendon from being retracted (Fig.  5) . In this case, the SSC tendon lesion may be interpreted as a PTTa by radiologists due to the intact bridging fibers. However, the horizontally complete detachment from the lesser tuberosity is considered a FTT on arthroscopy. We thought this discrepant interpretation may be the possible cause of the low sensitivity for diagnosing FTT of SSC tendon in our study. Furthermore, the presence of these intact bridging fibers prevented contrast extension to the subcoracoid bursal plane, leading to an underdiagnosis of FTT to PTTa. It is important to note that an underdiagnosis of FTT of SSC tendon may occur in these circumstances, to avoid erroneous interpretation of MRA. Furthermore, a potential cause for false-negative MR findings could be lack of familiarity with detailed anatomy at the SSC tendon attachments. In addition to the aforementioned technical and anatomical factors, the lower specificity for the detection of the SSC tear may be related to scar tissue formation. Our study has several potential limitations. First, the study was performed in the patients who had undergone arthroscopic rotator cuff repair, a population expected to have a relatively higher prevalence of high grade rotator cuff tear. However, the initial purpose of the study was focused to the preoperative evaluation of the SSC tendon tear. Second, concealed interstitial tears and bursal-surface tears were not included in this study, as the reference method of arthroscopy could not provide the information regarding these types of SSC tendon tears. However, the relative prevalence of the concealed interstitial tears as well as the bursal surface tears of the SSC tendon was relatively lower than that of the tear types included in this study. Third, we were not able to evaluate the separate diagnostic performance of MRA in each anatomical footprint (e.g., leading edge, upper tendon, middle tendon, muscular portion, and musculotendinous junction), as the performance evaluation of MRA was entirely based on the arthroscopic results. It may have influenced our observation. Fourth, because we did not use T2 TSE with fat-suppression, our results of the T2 TSE do not represent the true diagnostic accuracy of 3T MRI. Furthermore, T2-shortening effect of gadolinium-based contrast agent can lower the T2 signal intensity of the injected contrast agent, which may have contributed to lower diagnostic accuracy of T2 TSE (31, 32) . Finally, the routine use of MRA for rotator cuff lesions has been considered controversial, because of its invasiveness, radiation hazard, and side effects of contrast media (33) .
In conclusion, T1 SPIR is a more sensitive and accurate imaging sequence compared to T2 TSE in detecting SSC tendon tear on 3T MRA.
